ABSTRACT. The aim of this study was to investigate the influence of activated endothelial cells on the proliferation and secretion of vascular smooth muscle cells (VSMCs). Cultured lung microvascular endothelial cells were treated with or without tumor necrosis factor alpha (TNF-α; 10 ng/mL) for 6 h, and the supernatant was collected and filtered. The supernatant with TNF-α was called fluid A, and that without TNF-α was called fluid B. VSMCs were cultured and divided into 3 groups with different media as follows: activated medium [fluid A and Dulbecco's modified Eagle medium (DMEM); activated group], inactivated medium (fluid B and DMEM; inactivated group), and DMEM only (control group) for 24 h. Intercellular adhesion molecule 1 (ICAM-1), interleukin (IL)-8, and IL-6 levels in the supernatant of VSMCs were measured with enzyme-linked immunosorbent assay 0 and 24 h after grouping. The proliferation of VSMCs was detected with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. ICAM-1 and IL-8 increased above baseline values in the 3 groups; the maximum increase occurred in activated medium. The optical densities in MTT assay of the activated, inactivated, and control groups was 1.35 ± 0.11, 1.01 ± 0.09, and 0.29 ± 0.01, respectively, which correlated positively with the initial IL-6 level in the supernatant of the VSMCs (r = 0.63, P < 0.05). TNF-α-activated endothelial cells promote VSMC proliferation and secretion of ICAM-1 and IL-8 by elevating IL-6 release.
INTRODUCTION
Chronic obstructive pulmonary disease (COPD) is the most common disease of chronic airway inflammation. According to estimates by the World Health Organization, the global prevalence and mortality of COPD are increasing annually. COPD will become the 3rd cause of death in 2020 (Global Initiative for Chronic Obstructive Lung Disease, 2010). In addition to structural changes in the airway, pulmonary vascular abnormalities are an important part of the structural changes in COPD. The severe degree of pulmonary hypertension is an independent factor that restricts quality of life and affects the prognosis of patients with COPD (Barbera et al., 2003; Minai et al., 2010) .
The chronic hypoxia in COPD was formerly considered the main cause of pulmonary hypertension. However, many studies have found that patients with mild or moderate COPD without hypoxia also display vascular inflammation and remodeling (Barbera et al., 1994; Peinado et al., 1998; Santos et al., 2002) . Many researchers have begun to pay attention to the important role of inflammation in the development of pulmonary hypertension (Barbera et al., 2003; Peinado et al., 2008; Minai et al., 2010) . Studies have shown that the degree of pulmonary vascular remodeling is related to inflammatory cell infiltration in the small airways. Compared with non-smokers, smokers and COPD patients have increased infiltration of inflammatory cells in pulmonary vascular system, especially CD8 + T lymphocytes rather than neutrophils cells, macrophages, and B lymphocytes, suggesting a link between pulmonary vascular remodeling and vascular inflammation caused by toxic particles (Peinado et al., 1999; Seimetz et al., 2011) . Interleukin (IL)-6 is an inflammatory factor secreted by activated endothelial cells and vascular smooth muscle cells. It has wide range of biological activities. Injection of recombinant IL-6 can lead to pulmonary hypertension in rats, whereas dexamethasone may inhibit monocrotaline-induced pulmonary artery Hypertension formation by reducing IL-6, suggesting that increased IL-6 play an important role in pulmonary hypertension Steiner et al., 2009) .
Other causes of pulmonary hypertension-and the pathological and pathophysiological foundations of COPD pulmonary hypertension-are vasoconstriction, vascular remodeling, and in situ thrombosis. Pulmonary vascular remodeling is the most critical process in pulmonary hypertension development and maintenance (Barbera et al., 2003; Minai et al., 2010) . During this process, pulmonary vascular cells display a series of functional and structural changes, including apoptosis of endothelial cells, proliferation of smooth muscle cells, and adventitial fibroblasts.
Endothelial cell damage may be the starting point of all these changes. Endothelial cell injury induces endothelial cell apoptosis and dysfunction, increases secretion of endothelin-1, decreases nitric oxide formation, and releases various inflammatory mediators, leading to the proliferation of smooth muscle cells, adventitial fibroblast proliferation, wall thickening, stenosis, and vascular remodeling and eventually causing to pulmonary hypertension (Peinado et al., 1998; Santos et al., 2002) . Therefore, clarifying the influence of pulmonary vascular endothelial cells on smooth muscle cells is of great significance for the prevention and control of COPD and pulmonary hypertension. Our study aimed to observe the influence of the tumor necrosis factor alpha (TNF-α)-stimulated supernatant of endothelial cells on the proliferation of vascular smooth muscle cell and inflammatory cytokine secretion and its relationship with IL-6.
MATERIAL AND METHODS
We used a human lung microvascular endothelial cell line and a human vascular smooth muscle cell line (Cell Bank, Chinese Academy of Sciences，Beijing), recombinant human TNF-α (Shanghai Hao Ran Biotechnology Co., Ltd. Shanghai), a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) kit (Han Heng Biotechnology (Shanghai) Co., Ltd. Shanghai), anti-IL-6 monoclonal antibody MQ2-6A3 (BD Bioscience Co., Ltd., NJ), an intercellular adhesion molecule 1 (ICAM-1) enzyme-linked immunosorbent assay (ELISA) kit (Shanghai Shang Hu Biotechnology Co., Ltd. Shanghai), IL-8, and an IL-6 ELISA kit (Shanghai Hua Yi Biotechnology Co., Ltd. Shanghai).
Culture and grouping of lung microvascular endothelial cells
The human pulmonary microvascular endothelial cells were inoculated at a density of 2.0 x 10 5 cells/mL in A flask and B flask, which containing 10% fetal bovine serum and Dulbecco's modified Eagle medium (DMEM). Adherent cells were added with 10 ng/mL TNF-α (A bottle) or without TNF-α (B bottle). The cell culture medium was collected after 24 h and centrifuged to get the supernatant. ELISA was performed on 0.01 mL supernatant to detect IL-6 levels. The remaining supernatant was stored at 4°C after filtration with a 0.22-µm microfiltration membrane. Fluid A was supernatant from bottle A. Fluid B was supernatant from bottle B. Fluid C was DMEM medium containing 10% fetal bovine serum.
Culture and grouping of vascular smooth muscle cells
The human vascular smooth muscle cell line was inoculated at a density of 2.0 x 105 cells/mL in 96-well plates. The cells was cultured in serum-free DMEM high-glucose culture fluid overnight until the cells were adherent to the wall. Cells were divided into the following groups: 1) Activated , which contained fluid A and fluid C in a 1:1 ratio; 2) Inactivated , which contained fluid B and fluid C in a 1:1 ratio; and 3) control, which contained only fluid C. Each group contained 5 repetitions.
Detection of IL-6, ICAM-1, and IL-8 in the supernatant
Baseline levels of IL-6, ICAM-1, and IL-8 of the supernatants were detected with ELISA immediately (baseline) and 24 h (end value) after the grouping. The difference between the baseline and end values of ICAM-1 and IL-8 were calculated.
Cell proliferation detection with MTT
The human vascular smooth muscle cells were added with 10 µL 5g/L MTT in the medium 24 h after the grouping and incubated for 4 h. At the end of the treatment, 100 μL dimethyl sulfoxide (DMSO) was added to each well, followed by gently shaking for 10 min to achieve complete dissolution. The absorbance was determined at 490 nm. The optical density (OD) values were measured at 570 nm using a multi-well scanning spectrophotometer.
Statistical analysis
All data are shown as mean ± standard deviation. We used SPSS 17.0 for Windows (SPSS Inc., USA) to analyze the data. The between-group differences were variances calculated with single-factor analysis. P < 0.05 indicated significance.
RESULTS

Level of IL-6 in the endothelial cell culture medium
The level of IL-6 in the activated vascular endothelial cell culture medium with TNF-α was 122.70 ± 6.30 pg/mL, whereas the level in that without TNF-α was 31.16 ± 2.94 pg/mL. The difference was significant (t = 22.807, P < 0.05), suggesting that TNF-α can promote IL-6 secretion of endothelial cells.
Proliferation of vascular smooth muscle cells in various groups
The initial IL-6 levels and cellular MTT values are shown in Table 1 . Compared with that in the control group, the cell proliferation capacity was significantly increased in the stimulated group and in that without stimulation, and the value of the former was higher than the latter (P < 0.05), suggesting that the endothelial cells, especially activated endothelial cells, released active substances to promote vascular smooth muscle cell proliferation. The MTT value of the smooth muscle cells was positively correlated with the initial IL-6 levels (r = 0.625, P < 0.05). 
Cytokine levels of vascular smooth muscle cells in the supernatant
The levels of ICAM-1 and IL-8 in the culture supernatant after 0 and 24 h are shown in Table 2 . The levels of ICAM-1 and IL-8 before and after culture in supernatant increased. The increase in ICAM-1 and IL-8 concentrations in the stimulated group was significantly higher than that in the non-stimulation and control groups (P < 0.05). Table 2 . Level of ICAM-1 and IL-8 in the serum of vascular smooth muscle cells (Means ± SD).
*P < 0.05, verse control group; # P < 0.05, verse the group without stimulation.
DISCUSSION
This study showed that TNF-α-activated endothelial cells can stimulate vascular smooth muscle cell proliferation and secretion of ICAM-1 and IL-8, which was related with IL-6. These findings help to improve understanding of the mechanism of pulmonary hypertension in COPD.
In this study, we used TNF-α-stimulated the human lung microvascular endothelial cells to imitate vascular endothelial cells in COPD inflammation. In accord with the study of Huang et al. (2009) , the apoptosis rate and the IL-6 levels in supernatant were significantly increased in the endothelial cells with TNF-α treatment as the manifestations of COPD in vivo (Valipour et al., 2008) . As an important pro-inflammatory cytokine with a variety of biological effects, TNF-α mediated the pathophysiologic processes in many diseases, especially in vascular injury and endothelial dysfunction (Zhang et al., 2009; Sethu and Melendez, 2011) . TNF-α can produce a direct cytotoxic effect on endothelial cell via the TNF receptor (TNFR) on the surface of endothelial cells or damage endothelial cell structure through oxidative stress and lipid metabolism. Conversely, injured endothelial cells can also release TNF-α, which in turn bring further damage to the cells. All these processes reinforce each other to create a vicious cycle (Churg et al., 2002; Orihara and Matsuda, 2008) . It was reported that serum TNF-α was elevated in the patients with pulmonary hypertension and pulmonary thromboembolism secondary to COPD (Fujita et al., 2001) . In turn, TNF-α -/-or TNFR-deficient mice can escape from pulmonary hypertension induced by hypoxia (D'hulst et al., 2006; Wright et al., 2007) . Therefore, TNF-α deeply involved in the development of COPD as an important bridge between inflammation and vascular remodeling in airways (Mukhopadhyay et al., 2006) .
In recent years, a growing number of studies have focused on the interactions between vascular endothelial cells and vascular smooth muscle cells in pulmonary vascular remodeling, and inflammation is one of the most important mechanisms (Peinado et al., 2008; Mathew, 2010) . Inflammation leads to endothelial cell structural damage, secretory dysfunction, and expression disorders, which further affect the proliferation signal of vascular smooth muscle cells and results in an imbalance of proliferation and apoptosis. In this study, we found that vascular endothelial cell stimulation of smooth muscle cell proliferation is related to the amount of IL-6 in the culture medium. IL-6 is a cytokine with a wide range of biological activities that plays extensive biological roles in the process of inflammation response, damage, vascular disease, and arterial atherosclerosis, among other processes (Golembeski et al., 2005) . Through the janus kinase/signal transducers and activators of transcription（JAK/ STAT）signaling pathway, IL-6 promotes the proliferation of vascular smooth muscle cells and the release of monocyte chemotactic factor-1 (Watanabe et al., 2004) .
Animal studies have confirmed that IL-6 overexpression alone without hypoxia can lead to the formation of pulmonary hypertension in mice (Steiner et al., 2009; Seimetz et al., 2011) , but few studies have examined the role of IL-6 in the formation of COPD pulmonary hypertension. Recent studies have found that patients with pulmonary hypertension and COPD have plasma levels of IL-6 that are is significantly higher than those of COPD patients without pulmonary hypertension, and the levels of plasma IL-6 in COPD patients is positively correlated with average positive airway pressure level (r = 0.39, P < 0.001) (Chaouat et al., 2009) . Conversely, the polymorphism of the IL-6 gene of COPD patients is related to the development of pulmonary hypertension (Eddahibi et al., 2006) . These observations suggest that the increase of IL-6 is the key step in the development of COPD-related pulmonary hypertension, which may also be involved in the interactions between endothelial cells and smooth muscle cells.
During the development of pulmonary hypertension in COPD, the vascular smooth muscle cells convert from the stationary state of the contractile phenotype to the proliferative state of synthesis. The extracellular matrix (collagen and elastin) of vascular smooth muscle cells was aggrandized along with increased cytokines and inflammatory factors releasing from them. So in this process, vascular smooth muscle cells were not just structural cells but pluripotent cells in pulmonary vascular remodeling (Noureddine et al., 2011) . In this study, we discovered that ICAM-1 and IL-8 produced by the vascular smooth muscle cells were increased after simulation of endothelial cells. As a cell adhesion molecule, ICAM-1 is found on the surfaces of a variety of cells, such as endothelial cells, smooth muscle cells, white blood cells, and it plays an important role in the maintenance of organizational structure, migratory movement of cells, immune regulation, inflammation, and damage repair. ICAM-1 was released rarely from normal endothelial cell but amplified when endothelial cells impaired or stimulated to mediates inflammatory cells adhesion and lymphocytes aggregation. (Rauch et al., 2007) . IL-8 is a chemokine found in neutrophils, basophils, T lymphocytes and other cells that promotes the secretion of inflammatory mediators and adhesion molecules and participates in inflammation by raising the free calcium concentration between cells and increasing the adhesion of cells and the infiltration of local neutrophils (Orr et al., 2010) . In COPD, ICAM-I and IL-8 were up-regulated to promote the adhesion and migration of monocytes and lymphocytes to endothelial cells and to induce neutrophils and eosinophils morphological changes, degranulation and aggregation by multiple intracellular signal transduction pathways. Besides aggravating inflammation, ICAM-I and IL-8 also accelerated the process of pulmonary vascular remodeling in COPD (Li et al., 2003; Gosens et al., 2009 ).
In conclusion, this study confirmed that TNF-α promotes the interaction of vascular endothelial cells and vascular smooth muscle cells and the roles of IL-6. These results provide new research directions for the treatment of COPD-related pulmonary hypertension. However, since IL-6 is a multifunctional cytokine, its antagonization may lead to a very wide range of consequences or even cause serious adverse reactions (Murakami and Nishimoto, 2011) . Therefore, the development of organ-specific antagonists of IL-6 will be the focus of future research.
